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A B S T R A C T   

The degradation of polyethylene terephthalate (PET) fibers in alkaline environments limits their use in strain- 
hardening cementitious composites (SHCC). Prolonged PET exposure to alkaline environments has a detri-
mental effect on its mechanical performance, mainly due to the physicochemical transformation caused by 
alkaline hydrolysis. This study presents a tailored cementitious matrix design containing high amounts of 
limestone and calcined clay, replacing 75 wt% of Portland cement, to attain and maintain the strain-hardening 
response of composites incorporating PET fibers as dispersed reinforcement. Analytical and mechanical tests 
were carried out at different curing ages, ranging from 7 to 60 days, to study the effects of aging on virgin PET 
fibers, both within the matrix and outside it (in the pore solution). The results showed a pronounced degradation 
of the PET fibers in the test pore solution at pH 12.5, manifested by a progressive reduction in the load-bearing 
capacity of the individual fibers with prolonged immersion. Conversely, when the PET fibers were aged in-matrix 
under laboratory conditions and tested under tension, the performance of the corresponding composites showed 
resilience to aging, exhibiting reasonable tensile strength and remarkable strain capacities that exceeded 4 %.   

1. Introduction 

Strain-hardening cementitious composites (SHCC), also known as 
engineered cementitious composites (ECC), were first developed in the 
1990s to address many of the inherent limitations of traditional/rein-
forced concrete. These drawbacks include brittleness, poor crack con-
trol, bulky structural components, susceptibility to catastrophic failure 
under shear loading, etc. [1]. This category of advanced concrete com-
posites incorporates discrete short polymer fibers as dispersed 
micro-reinforcements, typically added in a moderate volume content of 
about two percent. These fibers are randomly distributed in fine-grained 
brittle cementitious matrices. When subjected to tensile loading, after 
the formation of the first crack, these fibers act as crack-bridging agents, 
playing a pivotal role in transferring the applied load across the crack 
flanks and redistributing it back to the intact matrix through the phe-
nomenon known as “crack bridging”. This leads to the scenario where the 
composite exhibits an increase in load-bearing capacity while under-
going large inelastic deformation, otherwise known as strain-hardening 
behavior [2]. This quasi-ductility stems from the formation of multiple 
parallel micro-cracks, entailing SHCC with remarkable energy 

absorption capabilities under quasi-static loading and, notably, under 
dynamic loading conditions, such as earthquakes, impacts, or blasts 
[3–5]. 

While designing SHCC, two critical criteria, guided by micro-
mechanical principles, must be satisfied to achieve the strain-hardening 
behavior [1,6,7]. The first criterion, known as the strength criterion, is 
formulated to ensure that the tensile strength of the matrix is consis-
tently outweighed by the bridging strength of the fibers in each crack 
plane. This condition prevents catastrophic failure in the composites, 
even if the matrix loses its integrity in a specific crack plane. The greater 
the disparity between the first crack stress and fiber bridging stress, the 
more pronounced the strain-hardening behavior is expected to be. 

The second criterion, known as the energy criterion, regulates the 
steady-state crack propagation (flat crack, i.e., constant crack tip open-
ing displacement) and determines whether the bridging fibers undergo 
pull-out or rupture. This can be achieved by ensuring that the energy 
contribution from the bridging fibers is sufficiently higher than the 
toughness of the matrix at the crack tip itself. Detailed schematic illus-
trations and mathematical formulations for these two micromechanical 
criteria can be found in the work of V.C. Li [1], and can also be found 
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later in Section 3.3.3 . Their fulfillment is substantially influenced by 
both the matrix design and the choice of dispersed fibers [8]. 

In general, high-performance fibers are well-suited for high-strength 
matrices, while low-strength and compliant fibers are more appropriate 
for low-strength matrices. 

Synthetic polymeric fibers are typically the preferred choice for 
SHCC because of their high performance, durability, and widespread 
availability, setting them apart from natural and synthetic inorganic 
fibers [8]. Several polymeric fibers emerged as highly promising can-
didates for SHCC, each with distinct advantages and disadvantages [8]. 
Notable examples include polyvinyl alcohol (PVA), aramid, poly 
(p-phenylene-2,6-benzobisoxazole) (PBO), polypropylene (PP), and 
ultra-high molecular weight polyethylene (PE) [9–12], cf. Table 1. 
Among these synthetic fiber options, PVA and PE fibers have been 
extensively researched in the framework of the SHCC [5,13–19]. Their 
chemical stability renders them resistant to alkaline environments, 
typical in cementitious matrices. Furthermore, the strong interfacial 
bonds (i.e., chemical and/or mechanical) between these fibers and 
high-strength cementitious matrices facilitate outstanding 
crack-bridging capabilities, thus enhancing the overall ductility of the 
composites. Nevertheless, the major downsides of using these fibers 
include the high cost, embodied energy, and CO2 emissions associated 
with their production, ultimately undermining the final product’s green 
credentials [8]. Furthermore, these fibers are embedded in 
high-strength, fine-grained cementitious matrices to unlock their full 
potential in improving the cost-to-performance ratio. This leads to sig-
nificant reliance on Portland cement (PC), raising additional economic 
and environmental concerns [2]. 

A promising alternative is using polyethylene terephthalate (PET) 
fibers, which are thermoplastic polyesters commonly employed in 
plastic packaging. These fibers offer a means to address the cost of using 
PVA and PE fibers in SHCC. In fact, PET is the most synthesized fiber 
globally, accounting for 54 % of the market share of total fiber pro-
duction [22], which pledges to its wide availability and, therefore, 
cost-effectiveness. The economic advantage is underscored by the 
considerably lower prices of PET fibers, which are 94 % and 54 % lower 
(by weight) than those of PE and PVA fibers, respectively, which were 
previously studied by Curosu et al., [20]. Additionally, PET fibers are 
one of the most recycled polymers, with a recycling rate of approxi-
mately 15 % among other synthetic fibers [22], thereby augmenting the 
sustainability profile of PET-based products. 

From both mechanical properties and durability perspectives, it’s 
worth noting that PET fibers’ tensile strength and stiffness are 
comparatively lower than those of PVA and PE fibers. In contrast, PET 
fibers exhibit a substantially higher fiber elongation, approximately 
~34 %, compared to 6 % and 3.5 % for PVA and PE fibers, respectively 
[20,23]. As a common feature of polyesters, PET fibers are intrinsically 
hydrophobic owing to their limited moisture-absorption capability. 
Consequently, these fibers primarily form mechanical bonds with 
cementitious bodies, while adding them to a fresh concrete mixture has 

minimal impact on hydration [24]. Nevertheless, PET’s long-term per-
formance and stability in alkaline environments remain disputed, as in 
cementitious matrices. Some researchers have emphasized the sufficient 
alkaline resistance of PET fibers (e.g., [25–28]), which has inspired 
others to use virgin and recycled PET fibers in concrete [29–34]. How-
ever, several other studies have highlighted the steadily deteriorating 
performance of PET fibers in alkaline environments. For instance, Wang 
et al., [35] reported a significant reduction in the tensile strength of PET 
fibers in cementitious pastes. Similarly, Won et al., [36] exposed PET 
fiber-reinforced composites to various aggressive environments and 
observed the progressive disintegration of the PET fiber surface when 
exposed to an alkaline environment. Studies conducted by Silva et al., 
[37], Fernández et al., [38], and Rostami et al., [39] also provided evi-
dence supporting the instability of PET fibers in cementitious systems. 
This deterioration is ascribed to the alkaline hydrolysis of PET, which 
converts ester groups into the corresponding carboxylic acids and al-
cohols. This phenomenon is accompanied by a loss of molecular weight 
due to polymer chain cutting, seen as pitting on the fiber surface, and a 
reduction in the diameter and strength of the fiber [24,40]. 

Conceivably, this is why only a handful of previous research studies 
have focused on using PET fibers in the context of SHCC. Yu et al., [41] 
explored the potential of partially replacing PVA fibers with recycled 
PET fibers to reduce the cost and improve the sustainability of SHCC. 
Through micromechanical modeling and experimental findings, they 
achieved a 50 vol% replacement of PVA fibers with treated recycled PET 
fibers (investigated by Lin et al., [42]) resulting in hybrid fiber SHCC 
with a tensile strain capacity of 2 % and tensile strength of 3.6 MPa. This 
hybrid approach reduced the embodied energy and material costs of the 
SHCC by 20 % and 40 %, respectively. However, multiple cracking or 
strain hardening was not observed when untreated virgin fibers were 
used alone. Further development of the same hybrid SHCC composites 
was carried out by Lu et al., [43], where they focused on performance 
enhancement through matrix modification. Their work incorporated 
local (cost-effective) PVA and PET fibers into the matrix and a sub-
stantial amount of fly ash as a PC substitute. Although the positive ef-
fects of reducing PC on the tensile strain capacity of the PVA/PET hybrid 
SHCC were evident, no strain hardening was discerned when PET fibers 
were embedded in the matrix alone. 

The substantial disparity in the mechanical properties of PVA and 
PET fibers complicates the achievement of strain-hardening behavior, 
especially when compliant PET fibers are incorporated into the matrix 
designed for PVA fibers. In PVA-SHCC, meeting the strength and energy 
criteria is relatively straightforward, thanks to the fiber’s adequate 
elastic modulus, tensile strength, and good bonding affinity with the 
surrounding matrix. Conversely, in PET-SHCC, while the energy crite-
rion can be met due to the high plastic deformation of PET fibers, the 
strength criterion often becomes the limiting factor [44]. The same is 
true for the matrices made solely of PC, which tend to have higher 
strength than blended cementitious systems with high PC replacement 
levels. Not to mention, the high alkalinity levels in pure PC-based 
matrices can affect the stability of PET fibers. Therefore, based on the 
aforementioned considerations, this study introduces a specially tailored 
cementitious matrix design for PET fibers inspired by a prior work 
conducted by the authors [45]. The design involves the incorporation of 
substantial quantities of limestone and calcined clay in lieu of 75 wt% of 
PC content to achieve the following conditions: (i) reducing the alka-
linity of the matrix due to the limited contribution of alkali and hy-
droxides from the cement; (ii) limiting the mechanical strength of the 
matrix to facilitate strain-hardening behavior with PET fibers; and (iii) 
stabilizing the mechanical properties after a certain age due to limited 
clinker and portlandite content [45]. 

A comprehensive experimental program was conducted to prioritize 
two aspects: (i) out-of-matrix aging of virgin PET fibers in a simulated 
alkaline pore solution made from the novel matrix binder composition 
and (ii) in-matrix aging. The first part of the program is intended to 
explicitly ascertain the degradation potential of PET fibers by immersing 

Table 1 
Mechanical properties of some notable synthetic polymer fibers used in SHCC.  

Fibers σT 

[MPa] 
εu [%] E 

[GPa] 
Remarks Reference 

PE  2500 3.5  80 High 
performance 

[20] 

PVA  1600 6.0  40 High 
performance 

[20] 

PBO-AS  5800 3.5  180 High 
performance 

[10] 

PBO-HM  5800 2.5  270 High 
performance 

[10] 

Aramid  3400 4.5  74 High 
performance 

[10] 

High-tenacity 
PP  

928 7.3–30  11.6 Low 
performance 

[8,21]  
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them in a simulated pore solution of pH 12.5 for 7, 14, 28, and 60 days 
and performing single fiber tension tests coupled with ESEM analysis for 
quantitative and qualitative assessment. The second part of the program 
consists of experiments at the composite level. Compression, single fiber 
pull-out, and uniaxial tension tests were performed at identical ages, i.e., 
7, 14, 28, and 60 days. In the end, some key conclusions were drawn 
from these results, and further improvements were suggested to promote 
PET fibers as cost-effective and sustainable alternative fibers in SHCC. 

2. Materials and methods 

2.1. Raw materials 

Commercially available raw materials were employed to investigate 
the aging performance of PET fibers in both a cementitious matrix (in- 
matrix) and the pore solution (out-of-matrix). The high early strength, 
rapid setting, and sulfate-resistant Portland cement, CEM I 52.5 R-SR3/ 
NA, was supplied by Holcim GmbH, Lägerdorf, Germany. Low-grade 
industrially calcined kaolinitic clay with a pre-calcination kaolinitic 
content limited to ≤ 25 %, along with several clay impurities [46], was 
acquired from Liapor GmbH & Co. KG, Hallendorf, Germany. The 
post-calcination amorphous content of the clay was approximately 
65.7 %. Limestone powder (Saxodol 90 LE), with a total carbonate 
content of 98 % (54 % calcite plus 44 % dolomite), was sourced from sh 
minerals GmbH, Heidenheim/Brenz, Germany. High-purity gypsum was 
supplied by Grüssing GmbH, Germany. 

These raw materials were utilized to formulate the binder composi-
tion of the blended cementitious matrix and pore solution. Additionally, 
fine quartz sand from Strobel Quarzsand, Germany, featuring a particle 
size range of 60–200 µm, was added as a fine inert aggregate to complete 
the cementitious matrix. 

To enhance the fresh mix’s workability and facilitate the uniform 
dispersion of the PET fibers, a viscosity-modifying agent (VMA, 
Unterwasser-Compound 100) from Sika® (Switzerland) and a poly-
carboxylate (PCE)-based superplasticizer (MasterGlenium ACE 460) 
from Master Builders Solutions (Germany) were incorporated into the 
mix design. The authors have published detailed information on these 
raw materials’ chemical and mineralogical compositions and particle 
size distributions [45,47,48]. 

The PET fibers used in this study were provided by ADVANSA GmbH, 
Germany. For the single fiber pull-out specimens (discussed in more 
detail in Sections 2.4.2), 6 mm long chopped fibers were incorporated 
into the matrix composition. In comparison, longer 18 mm chopped fi-
bers were used to prepare the SHCC specimens. In addition, long PET 
fibers were cut from the tow for the single-fiber tensile and pull-out tests.  
Table 2, the manufacturer’s datasheet, details these fibers’ physical and 
mechanical properties [23]. 

2.2. Mixture design 

In accordance with the objectives outlined earlier, the authors 
developed a specialized matrix design influenced by their prior research. 
Several strategic considerations were considered:  

• A significant proportion of the PC was replaced by limestone and 
calcined clay (75 wt%), effectively limiting the alkali oxide content 
from the cement clinker and reducing the matrix’s alkalinity. This 
significant reduction in clinker content inevitably led to a decrease in 
matrix strength, thus affecting the fiber/matrix interface properties, 
both of which were considered essential for inducing strain hard-
ening using PET fibers.  

• The water/binder ratio was set at 0.4, which is typically higher than 
conventional SHCC mix designs. This, in turn, resulted in increased 
porosity, which promoted the initiation of cracking within the ma-
trix. In addition, given the low clinker content in the mix, the dilu-
tion effects accelerated the hydration of the clinker, achieving full 
hydration in a short time (a matter of a few days) [49,50]. Conse-
quently, the amount of portlandite was also limited by the low 
clinker content in the matrix, which limited the pozzolanic reaction. 
This ensured that the mechanical strength of the matrix would sta-
bilize after a certain hydration time, as all hydratable materials in the 
matrix were either consumed or depleted [45]. In addition, the 
increased water/binder ratio addressed the high water demand 
associated with calcined clay due to its larger specific surface area, 
improving workability and facilitating fiber dispersion in fresh 
mixes.  

• A moderate volume fraction of PET fiber (2.5 %) was used to ensure 
an adequate level of crack-bridging stresses conducive to strain- 
hardening behavior. This fraction was higher than that typically 
used for stiffer fibers (2 vol%, such as PE/PVA). In addition, an 
appropriate aspect ratio of 1059, denoting the length-to-diameter 
ratio of the PET fibers (as shown in Table 2), was chosen to allow 
effective fiber anchorage in the crack flanks, thereby enhancing the 
crack-bridging capability of the composite.  

• A low sand/binder ratio (s/b) of 0.23 was adopted to reduce the 
matrix’s fracture toughness and promote crack propagation [51]. 

Table 3 presents the formulation of the SHCC matrix studied in this 
research, herein designated as Strain-Hardening Limestone Calcined 
Clay Cementitious Composite (abbreviated as SH-LC3). The mix design 
incorporates a small amount of gypsum (3 wt% of the binder) for sulfate 
balance. In addition, superplasticizer and VMA were added to the mix to 
improve fiber dispersion and workability. The mixing procedure fol-
lowed a similar protocol as previously described in the reference [48]; a 
standard protocol opted, in general, for SHCC. 

2.3. Simulated pore solution preparation 

While various methods exist for extracting real pore solutions from 
cementitious systems, such as vacuum filtration or centrifugation 

Table 2 
Physical and mechanical properties of PET fibers as per manufacturer’s data-
sheet [23]. Values in parentheses were measured by the authors.  

Fibers PET 

Manufacturer, country ADVANSA, Germany 
Brand name ADVA® Shortcuta, ADVA®Towb 

Length (mm) 6a, 18a, long towb 

Diameter (µm) 18, (17 ± 0.69) 
Tensile strength (MPa) N.A, (584.8 ± 34.8) 
Young’s modulus (GPa) N.A, (12.3 ± 6.9) 
Fiber elongation (%) 34, (31.8 ± 3.3) 
Density (g/cm3) 1.37 
Color Semi-dull white 
Melting point (◦C) ~250  

a 6 mm fibers were used in the matrix block of the single fiber pull-out spec-
imens, whereas 18 mm fibers were used in the SHCC specimens for compression 
and uniaxial tensile tests. 

b A few meters of tow were used to cut the fibers to the desired lengths for 
single-fiber tension tests. 

Table 3 
Mixture composition for the SH-LC3. The quantities are 
listed in kg/m3.  

Mix constituents Amount 

Portland cement 286 
Limestone 282 
Calcined clay 564 
Gypsum 9 
Quartz sand 257 
Fibers 34 (2.5 vol%) 
Water 458 
Superplasticizer 8 
VMA 4  
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(typically during the initial hours of hydration) [52,53] or high-pressure 
devices following the hardening phase [54,55], the primary objective of 
this study is to explore the effects of a certain level of alkalinity on PET 
fibers, primarily expected within the matrix. The intention is not to 
analyze the actual pore solution. 

Hence, a simulated pore solution was meticulously prepared. This 
involved blending 2.5 kg of the binder composition, which maintained 
the same proportions as the matrix formulation (consisting of PC, 
limestone, calcined clay, and gypsum, as detailed in Table 3), with 13 
liters of tap water. This highly diluted mixture was subjected to inter-
mittent mixing using a hand mixer for 2 minutes every 2 hours over a 
total duration of 8 hours. Subsequently, the container was sealed and 
allowed to stand overnight. The test pore water was filtered and trans-
ferred to sealed containers the following day. The pH of the test pore 
solution was measured immediately after collection and again at 7, 14, 
28, and 60 days. This measurement was carried out using a digital pH 
meter equipped with an electrode, calibrated to pH values of 4, 7, and 10 
using standard solutions. The average pH of the simulated solution was 
found to be 12.5 ± 0.1. This value is lower than the pH of actual pore 
solutions extracted from PC systems with a water/cement ratio of 0.4, 
which typically falls within the range of 13.6 [56]. The variance can be 
attributed to the diminished alkali oxides resulting from the lower 
cement content and the high dilution applied to the simulated pore so-
lution [56,57]. 

2.4. Sample preparation and testing setups 

2.4.1. Single fiber tension test 
Single fiber tension tests were performed to evaluate the mechanical 

properties of PET fibers after aging them for 7, 14, 28, and 60 days 
within the formulated alkaline pore solution, all at room temperature. 
As a reference, as-received PET fibers were also tested. Following the 
designated immersion periods, the fibers were extracted from the test 
pore solution, thoroughly rinsed with distilled water, and subsequently 
dried in a climatic chamber set at 65 % relative humidity and 20◦C for 
24 hours. 

The next step involved attaching single fibers onto a paper frame 
featuring a rectangular opening of 6 mm in the center that defined their 

free length. Cyanoacrylate adhesive anchors the fibers onto the paper 
frame at the upper and lower ends. These paper frames were then 
securely clamped on both sides using the Zwick/Roell 1445 machine, as 
depicted in Fig. 1 (a), with a zoomed view in the inlet (b). Subsequently, 
the frames were transversely cut at both sides to release the individual 
fibers. The tests were carried out using a 10 N load cell with an accuracy 
of ± 0.05 % under a constant displacement-controlled regime, main-
taining a rate of 0.05 mm/s. 

Before the tests, Environmental Scanning Electron Microscopy 
(ESEM) was performed on a minimum of 30 fibers to ascertain the 
diameter of both the reference and exposed fibers. The latter group was 
expected to display changes due to alkaline hydrolysis. The results were 
analyzed by determining the tensile stress-strain properties of PET, 
employing force-displacement data and cross-sectional areas of the 
fibers. 

2.4.2. Single fiber pull-out test 
To evaluate the interfacial properties between PET fibers and the SH- 

LC3 matrix, single-fiber pull-out tests were conducted at the corre-
sponding curing durations, matching those of the single fibers immersed 
in the pore solution (7, 14, 28, and 60 days). Despite the differences in 
curing conditions between in-matrix aging (sealed curing under labo-
ratory conditions) and out-of-matrix aging (immersion in the pore so-
lution), it was expected that the initial wetting of the PET fibers in the 
fresh SH-LC3 slurry, along with the sustained high relative humidity due 
to sealing, would initiate hydrolysis. To ensure the reproducibility of our 
methods, readers are referred to the sample preparation protocol pre-
viously described in a study [20], which was strictly adhered to in this 
research. 

A slender beam 4 mm thick, defining the fiber embedment length, 
was cast around the individual PET fibers using a fiber-reinforced matrix 
containing 2 % by volume of 6 mm long PET fibers. The PET fibers’ 
reduced volume fraction and aspect ratio compared to the compression 
and uniaxial tension test specimens were chosen to facilitate the matrix 
casting in the 4 mm wide notches of the molds. Embedding the fibers in 
the matrix block of the pull-out specimens minimized matrix spalling 
during pull-out, thereby providing a more accurate assessment of bond 
strength [20]. 

Fig. 1. Schematics of the testing device – Zwick/Roell 1445 (a); for single fiber tension test (b); and single fiber pull-out test (c).  
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Before sealing the specimens in plastic bags for curing for defined 
periods of time, the inside of the bags was moistened to maintain a high 
humidity level. The sealed specimens were then stored in a climate 
chamber at a controlled temperature of 20 ± 2 ◦C. One day before 
testing, the beams were dry-cut into small cubic blocks of 4 × 4 ×
4 mm3, with a single fiber protruding from the center for secure 
anchorage during the pull-out experiments. A small paper frame was 
used for fiber attachment at the free end. The tests were performed on 
the same Zwick/Roell 1445 testing machine. In contrast to the clamps at 
both ends used in the fiber tensile test, a plastic block was used at the 
top, with the concrete block attached using a high-speed UV adhesive 
(cure time of 10–15 seconds under UV light). Fig. 1 (c) shows a sche-
matic of the test setup. The test parameters, namely load cell and 
displacement rate, remained the same as those used in the single fiber 
tensile test. 

With the help of the obtained force-displacement curves, the fric-
tional bond (τ), chemical bond (Gd), and pull-out energy (Wp) were 
determined using Eqs. (1)–(3), respectively [58]: 

τ =
PB

πdf Le
(1)  

Gd =
2(PA − PB)

2

π2Ef d3
f

(2)  

Wp =

∫ δ(P0)

δ(PB)

P dδ (3)  

where PA corresponds to the peak force and PB to the force at the initi-
ation of the pull-out phase; df is the fiber diameter (Ref-PET – in Table 2); 
Le is the embedded length of the fiber; Ef is the estimated Young’s 
modulus (12.3 GPa) from single fiber tension tests on Ref-PET fibers; 
and, δ(PB) and δ(P0) are the displacements at pull-out initiation and 
completion (when the load reaches zero), respectively. 

2.4.3. Compression test 
To ascertain the strength evolution of the SH-LC3-PET composites, 

compression tests were performed at various ages under investigation on 
cubes of size 40 mm. The cubes were retrieved from 160 mm long 
prismatic beams with 40 mm × 40 mm cross-sectional dimensions. The 
samples were pre-wetted and seal-cured in the climatic chamber until 
the designated testing date. A load-controlled regime with a rate of 
2.4 kN/s was employed to determine the compressive strengths, with a 
minimum of six cubes tested at each age. 

2.4.4. Uniaxial tension test 
For uniaxial tension tests conducted on SH-LC3-PET composites, 

specialized molds were employed to create dumbbell-shaped specimens, 
as depicted in Fig. 2. The use of this dumbbell shape was intended to 
ensure a gradual transition between the thicker loaded regions and the 
thinner gauge length, thereby minimizing stress concentrations. A layer- 
by-layer lamination technique was employed during the casting process 
to align the PET fibers parallel to the longitudinal (loading) direction. 
After allowing the specimens to cure for 24 hours within the molds, they 
were removed, adequately moistened, and promptly sealed for curing at 
specified ages within a climatic chamber. A few hours before testing, the 
sealed specimens were opened and marked with a fine stochastic pattern 
of black dots on a white surface, facilitating the application of digital 
image correlation (DIC) to detect crack initiation and propagation. 

Two mechanical clamps were used to grip the dumbbell-shaped 
specimens in the Instron 8802 testing machine to grip the edge re-
gions at the top and bottom of the specimens. This testing machine was 
equipped with a high-intensity light source and two cameras provided 
by GOM GmbH. The cameras were synchronized with the load sensor of 
the Instron machine, enabling automatic triggering of measurements 
when a force of 500 N was applied. Image capture during the test 

occurred at a sampling frequency of 2 Hz, while real-time force and 
machine displacement data were transferred to the ARAMIS professional 
software (GOM GmbH). 

To compute mean axial strains, two virtual strain gauges were con-
structed at the edges of the gauge length (located in the middle region 
measuring 100 mm long with a cross-section of 24 × 40 mm2) using the 
reference picture taken before the initiation of the test. Subsequently, 
their relative deformations were measured in all subsequent images 
taken during the tests. Additionally, crack widths were determined by 
employing similar virtual calipers, and the number of cracks was 
manually counted. 

3. Results and discussion 

3.1. Single fiber tension test 

Fig. 3 (a) shows the tensile stress-elongation curves of the reference 
PET fibers (Ref-PET), which exhibited linear elastic behavior between 
0 and 80 MPa. This range of stresses was conventionally selected to 
estimate the initial modulus (E1). The linear elastic phase of PET was 
terminated by a yield point [42,59,60], representing the transition from 
elastic to a pronounced plastic stage. During this phase, PET initially 
stretches due to strain-induced crystallization (SIC) resulting from the 
reorientation of spherulites parallel to the loading direction [61–63]. 
The secondary modulus (E2) was determined after the completion of SIC, 
represented by a sharp increase in the tensile stress that occurred in the 
300–500 MPa range. 

The average tensile strength observed for the Ref-PET fibers was 
584.8 MPa, which represents a remarkable decrease compared to the 
tensile strengths of the PVA and PE fibers studied in the previous study 
[20]. In fact, this reduction is approximately 2.7 times lower than the 
former and 4.3 times lower than the latter. This necessitates the design 
of a matrix compatible with the PET fibers’ significantly lower me-
chanical properties and meets the required strength and energy criteria 
outlined in the context of micromechanics for SHCC [1]. 

The surfaces of the as-received PET fibers were subjected to SEM 
analysis, as depicted in Fig. 3 (b). Conventionally, PET fibers present a 
smooth surface, as observed in other studies [37,42,64]. However, the 

Fig. 2. Dumbbell-shaped specimen for uniaxial tension test equipped with 
speckle pattern. 
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PET fibers under scrutiny exhibited a marginally roughened surface. 
This surface texture offers a distinct advantage in enhancing friction 
during the extraction of fibers from cementitious matrices. 

3.2. Out-of-matrix fiber aging – in the simulated pore solution 

3.2.1. Physico-mechanical characterization via single fiber tension test 
To quantify the degradation of PET fibers exposed to the simulated 

alkaline pore solution (pH=12.5), single-fiber tension tests and ESEM 
analysis were conducted on aged fibers, and the tensile strength values 
after different aging periods were compared with the reference values, 
see Fig. 4. In the tensile stress vs. fiber elongation curves of PET fibers 
after aging in pore solution for different time periods, the experimental 
variability is indicated by the enclosed colored area; additionally, σt,Ref 
is highlighted, indicating the tensile strength of Ref_PET, i.e., without 
fiber aging in alkaline solution. 

No pronounced changes in the diameters of the fibers were discerned 
with aging in the simulated pore solution (Fig. 5 – gray line). In contrast, 
a distinct decrease in tensile strength was observed, indicating that the 
load-bearing capacity was strongly compromised. Indeed, after immer-
sion for 7, 14, 28, and 60 days in pore solution, PET fibers underwent a 
7.6 %, 11.7 %, 13.6 %, and 24.7 % decrease in tensile strength, 
respectively. This demonstrates the high susceptibility of these PET fi-
bers to direct exposure to an alkaline environment, resulting in rela-
tively rapid degradation. 

Upon examining the surface of the exposed fibers (Fig. 4), no 
discernible signs of degradation are apparent within the first 28 days of 
exposure. However, beyond this age, the appearance of nano-craters 
(pitting) becomes evident, observable at the 60-day mark. This partic-
ular type of pitting serves as an indicative marker of alkaline hydrolysis 
affecting PET fibers, as previously noted in studies [37,40,65]. The un-
derlying cause of this phenomenon can be attributed to various alkalis, 
such as Na, K, Li, Ca, and Mg, as well as the concentrations of hydroxides 
in the pore solution that build the pH levels [57]. Remarkably, the onset 
of pitting between 28 and 60 days coincides with the most substantial 
decline in load-bearing capacity. This correlation is linked to the role of 
these surface defects as stress concentrators, which result in localized 
high-stress levels, thereby initiating damage in these vicinities [66–70]. 

3.3. In-matrix fiber aging 

3.3.1. Compression test 
The compressive strengths of SH-LC3-PET cubes were assessed at 

various curing ages, and the corresponding mean values are graphically 
presented in Fig. 6. At an early age of 7 days, the composite demon-
strated strength of 17.1 MPa, which notably surged to 29.7 MPa after an 
additional 7 days of curing (i.e., at 14 days), marking a substantial in-
crease of 73.7 %. Beyond this threshold in curing time, there was no 
significant additional gain in strength. The measured strengths at 28 and 
60 days exhibited only marginal increments of 1.3 % and 8.1 %, 
respectively, compared to the strength at 14 days. 

This trend is consistent with the goal of achieving early stability in 
the matrix’s mechanical strength. It indicates that most of the hydrat-
able clinker phases and the pozzolan have nearly completed the reac-
tion, with little or nothing left to hydrate and contribute further to the 
strength development. This means that no further matrix-induced 
changes in the fiber/matrix interface can be expected after 14 days of 
curing. This is a crucial aspect for low-strength and compliant PET fibers 
if strain hardening is to be achieved and maintained. 

From a practical standpoint, the 28-day strength of SH-LC3-PET, 
which stands at around 30–32 MPa, falls well within the range of 
25–35 MPa concrete strength currently employed for many structural 
applications in developed countries [71]. 

In the early hydration stages, the development in the matrix’s 
strength is ascribed to the “filler effect” brought about by low-grade 
calcined clay due to its high specific surface area [45]. In fact, SCMs 
generally exert a dual influence on clinker hydration: firstly, by 
providing additional nucleation sites for cement to precipitate its hy-
drates, and secondly, by diluting the overall system with respect to 
cement clinker. In the latter case, an increase in the effective water/-
cement (w/c) ratio at a certain water/binder (w/b) ratio caused by the 
high cement substitution is achieved, leading to “dilutive effects” that 
facilitate the precipitation of clinker hydrates in the abundance of space, 
promoting the hydration degrees [45,72,73]. 

In a physical sense, a higher w/c ratio implies the presence of a 
significant amount of space for the precipitation of hydrates, either from 
clinker hydration or via the pozzolanic reaction of SCMs. As long as 
other factors that influence hydration, such as relative humidity and 
temperature, do not impose constraints, space availability within the 
microstructure dictates the pace of hydration reactions [74]. This is the 
rationale behind the observation: systems with low w/c ratios exhibit a 

Fig. 3. (a) Stress vs. fiber elongation curves, and (b) SEM images showing the morphology of reference PET fibers. The enclosed gray-level gradients in the inlet (a) 
show the results’ standard deviations. 
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Fig. 4. Stress vs. fiber elongation curves of PET fiber exposed to pore solution for various ages (top to bottom on the left side: 7d, 14d, 28d, and 60d) and corre-
sponding SEM images showing the surface morphology of these fibers on the right side. 
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more compact microstructure after a certain curing period and do not 
attain complete clinker hydration degrees. 

The effective w/c ratio in the investigated mixture (SH-LC3) is about 
1.60, a notably high value due to the excessive PC replacement. 
Observing the evolution of strength, it becomes apparent that most of 
the PC reacted within the initial 14 days of curing, resulting in a plateau 
in strength development over time. This aligns with the observations 
reported in reference [49], which documented complete clinker hy-
dration in a highly diluted blended cement after 14 days, with no further 
enhancement of the pore structure. 

Moreover, the pozzolanic properties of metakaolin, originating from 
calcined clay, and calcite, derived from limestone, in the mixture under 
investigation in this study facilitate the consumption of portlandite. 
Consequently, supplementary C-(A)-S-H and carboaluminate-AFm pha-
ses are formed [75]. Given the minimal gain in strength beyond 14 days, 
it is reasonable to infer that the time frame for the pozzolanic reaction is 

also mostly within the first two weeks of hydration age. The precipitated 
C-(A)-S-H from the pozzolanic reaction is typically characterized by a 
lower Ca/Si ratio with higher alkali binding capabilities, thereby buff-
ering the alkalinity of the composite [57]. However, compression test 
results don’t provide insights into the extent of degradation of the 
embedded PET fibers in the matrix. This crucial aspect will be addressed 
in the subsequent sections dealing with the single fiber pull-out and 
uniaxial tension tests, where the properties governing the fiber/matrix 
interface are explicitly assessed. 

3.3.2. Single fiber pull-out test 
The interfacial properties between the fibers and the matrix were 

determined through single-fiber pull-out tests. The force-displacement 
curves at different investigation time points are illustrated in the in-
sets (a-d) of Fig. 7. The average curves for each time point, representing 
the mathematical mean of all pull-out curves within the shared 
displacement range of 0–6 mm, are presented in Fig. 7 (e). This 
computation was conducted using the "average multiple curves" function 
available in OriginPro 2023b software developed by OriginLab Corp. 

Most PET fibers exhibited a pull-out failure mode, characterized by 
an approximately linear decline in pull-out friction as the embedded PET 
fiber detaches from the SH-LC3 matrix after the peak (load), as evident in 
Fig. 7. These findings align with the observations made by Lin et al. [42] 
regarding the pull-out behavior of both untreated and treated PET fibers 
within a cementitious matrix. 

The strengthening/densification occurring at the interface between 
the fibers and the matrix correlates with the time-dependent develop-
ment of compressive strength in the matrix, as discussed in Section 
3.3.1. A more pronounced increase in the peak load was observed during 
the 7 and 14-day curing periods, which subsequently remained constant. 
Within this timeframe, the peak load nearly approached the values 
corresponding to the tensile strength of PET fibers, resulting in the 
rupture of some embedded PET fibers, particularly at the 14 and 28-day 
curing ages. 

Furthermore, the smooth transition from peak load to the gradual 
pull-out phase, more prominent in 7 days results, was disrupted there-
after. In fact, in multiple samples cured for 14, 28, and 60 days, a sudden 
drop in load occurred after reaching the peak force, followed by the pull- 
out of the fibers from the surrounding matrix. This load drop phenom-
enon resembles the behavior typically observed during the pull-out of 
hydrophilic fibers, such as PVA, from cementitious matrices [76] – 
implying increased wettability (loss in hydrophobicity) of PET fibers, i. 
e., formation of chemical bonding with the surrounding matrix. 

Fig. 8 (a) illustrates the fraction of ruptured PET fibers in gray, while 
the percentage exhibiting a chemical bond with the SH-LC3 matrix is 
depicted in red as a function of curing age. These fractions were calcu-
lated by dividing the number of samples displaying either of the two 
behaviors by the total number of single fiber pull-out tests conducted at 
that specific age. For instance, if 3 out of 10 single fiber pull-out tests 
displayed fiber rupture, and 5 displayed a load drop, then the percent-
ages of ruptured fibers and those exhibiting chemical bonds are 30 % 
and 50 %, respectively. The remaining two samples exhibited the typical 
frictional pull-out behavior. To provide a visual representation of the 
load drops preceding the pull-out phase, Fig. 8 (b) presents a represen-
tative curve for each age. 

The incidence of ruptured fibers increased as the curing age 
advanced, except for the samples cured for 60 days, which deviated from 
this pattern. Considering that the matrix properties remained stable 
after 14 days, this change in behavior at 60 days is most likely attributed 
only to PET fibers. The same trend was evident in the variations in load 
drop intensities, which also increased until the 28-day mark, followed by 
a subsequent decrease at 60 days (refer to Fig. 8 (b)). These observations 
suggest that the chemical bond between PET fibers and the SH-LC3 

matrix developed gradually over time. However, after a certain age, it 
started to diminish, resulting in the resurgence of the pull-out failure 
mode. 

Fig. 5. The average diameter and tensile strength of PET fibers aged in simu-
lated alkaline pore solution for 7, 14, 28, and 60 days. The reference PET fiber 
properties were plotted at 0 days. 

Fig. 6. Compressive strength of SH-LC3-PET composites at various curing ages.  
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Nonetheless, the proportion of fibers displaying this chemical bond 
in pull-out samples remained the same after 28 days, with approxi-
mately 50 % of samples exhibiting this load drop, while the remainder 
exhibited a smooth transition to the pull-out phase after debonding from 
the surrounding matrix. 

One plausible explanation for the load drop observed in single-fiber 
pull-out curves is associated with prolonged embedding in a cementi-
tious matrix. This extended exposure of PET to an alkaline environment 
results in slight improvements in water absorbency, manifested as a 
reduction in hydrophobicity due to alkaline hydrolysis, as documented 
in several prior studies [77–79]. It is anticipated that in SH-LC3, the 
alkaline hydrolysis is restricted due to low clinker content but not 
completely absent. Additionally, portlandite crystals are released during 
the clinker hydration process and often accumulate near the fiber/-
matrix interface [80]. Apart from the notching effects of these brittle 
wedged crystals, which can physically damage the fibers [38,81], 
perhaps partly contributing to fiber rupture at 14 and 28 days, these 
crystals also exhibit a lower surface area compared to the amorphous 
C-(A)-S-H, which possesses an open structure [82]. Therefore, as 

hydration progresses, the portlandite crystals near the fiber/matrix 
interface are consumed by metakaolin in calcined clay. This forms a 
dense stratum of C-(A)-S-H gel around the fiber, enhancing its contact 
with the fibers. This improved fiber/matrix interaction can be attrib-
uted, in part, to the open structure of C-(A)-S-H near the fiber vicinity 
and, in part, to the reduced hydrophobicity of PET. Furthermore, the 
interlocking between C-(A)-S-H and PET fibers might be promoted due 
to the notches caused by portlandite and the pitting sites on the surface 
of the PET fibers resulting from restricted alkaline hydrolysis. 

To gain a deeper insight into the phenomenon leading to the peculiar 
behavior at 60 days of curing, ESEM analysis was performed on the 
extracted PET fibers (Fig. 9). From the ESEM micrographs, it can be seen 
that the scratches on the PET surface were more pronounced at 7 and 14 
days, which can be attributed to the significant notching effect of por-
tlandite. In addition, if the (restricted) in-matrix hydrolysis of PET fibers 
is indeed taking place, which may have, at first, improved their bonding 
with the surrounding C-(A)-S-H – the dominant phase in SH-LC3 [45] – 
may later reduce PET’s diameter, another consequence of alkaline hy-
drolysis, as observed from direct immersion in the pore solution. 

Fig. 7. Single fiber pull-out test results of SH-LC3-PET: (a) at 7 days; (b) at 14 days; (c) at 28 days; (d) at 60 days; and (e) average curves at investigated ages.  
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Therefore, a reduction in the diameter of PET, resulting in some loss of 
contact with the surrounding matrix, may be the reason for the reduc-
tion in chemical bonding at 60 days. However, this diameter loss of the 
pulled-out PET fiber from SH-LC3 could not be accurately calculated 
because the diameter can change due to PET stretching during pull-out 
under applied load. Nevertheless, further research focusing on in-depth 
investigations of the PET/SH-LC3 interface is needed to understand and 
identify the mechanisms leading to the pull-out behavior observed in 
these investigations. 

Table 4 summarizes the average values of the frictional bond 

strength, chemical bond strength, and pull-out energy calculated using 
Eqs. (1)–(3). As mentioned earlier, the reasons for the decrease in 
chemical bonding after 60 days of curing require further investigation. 
Still, the frictional bond strength and pull-out energy at 60 days shows 
comparable results to other curing ages. They mostly retain their pull- 
out behavior, stabilizing PET in the SH-LC3 matrix’s alkaline 
environment. 

3.3.3. Uniaxial tensile test 
Fig. 10 (a-d) displays the results of uniaxial tension tests conducted 

Fig. 8. (a) Percentage of ruptured PET fibers (in gray) and fibers showing a sudden drop in load before the pull-out phase (in red), and (b) representative curves 
showing load drop (highlighted region) in a single fiber pull-out test at various ages. 

Fig. 9. SEM micrographs of pulled-out PET fibers after various curing ages.  
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on the SH-LC3-PET composites at the various investigated ages. The 
early segment of the curve, particularly useful for visualizing the first 
crack stress and the tensile Young’s modulus, is presented on the left- 
hand side. Meanwhile, the complete tensile stress vs. strain response 
alongside average crack width curves are depicted in the middle. The 
crack patterns, determined through DIC analysis at three distinct strain 

levels, are provided on the right-hand side. The average values obtained 
from the uniaxial tension tests and the DIC crack analysis are summa-
rized in Tables 5 and 6, respectively. 

The SH-LC3-PET composites displayed a notable strain-hardening 
behavior characterized by the occurrence of multiple crack formations 
following the first crack, indicated in cyan in Fig. 10 (e). Primarily, this 
first crack stress (σfc) is considered insensitive to the influence of fibers 
and is governed by the matrix cracking strength, defined by the pre- 
existing matrix flaws [83]. However, adding fibers to the matrix can 
influence the flaw distribution due to variations in the fiber volume 
content [83,84]. The linear elastic segment preceding the matrix 
cracking strength defines the matrix’s stiffness, represented by Young’s 
modulus (E), highlighted in yellow in Fig. 10 (e). With the progression in 
curing age, Young’s modulus, matrix cracking strength, and tensile 
strength of the composites improved, particularly between 7 and 14 
days. After 14 days of curing, the aforementioned properties stabilized, 
as evident in the results, cf. Table 5. This timeline pattern aligns with the 

Table 4 
SH-LC3-PET fiber/matrix frictional bonding properties. The standard deviations 
are mentioned in parentheses.  

SH-LC3-PET/Age 7 days 14 days 28 days 60 days 

Average frictional bond 
strength, τ [MPa] 

0.26 
(0.14) 

0.29 
(0.11) 

0.28 
(0.10) 

0.26 
(0.09) 

Average chemical bond 
strength, Gd [J/m2] 

0.11 (-) 3.52 
(3.73) 

4.43 
(4.47) 

1.16 
(0.57) 

Pull-out energy, Wp [J] 1.7×

10− 4 
1.5×

10− 4 
1.9×

10− 4 
1.5×

10− 4  

Fig. 10. Mechanical properties and DIC crack analysis of SH-LC3-PET composites at various ages: (a) 7 days; (b) 14 days; (c) 28 days; and (d) 60 days. The data 
include σ-ε until 0.2 % strain to visualize the first crack stress (σfc) – left; complete σ-ε curves alongside average crack widths – middle; and DIC crack pattern at three 
specific points: σfc; 2 % tensile strain (ε2 %); and ultimate strain (εult) – right. The average stress vs. strain curves of SH-LC3-PET at various investigated ages are shown 
in (e). 
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observations made for the development of compressive strength and 
interfacial properties. 

However, the distinctive feature of the SH-LC3-PET composites lies in 
their tensile strain capacities, all of which exceeded 4 % at all examined 
ages. Specifically, at 7 days, the average ultimate strain recorded 
reached 5 %, while one of the specimens even exhibited an impressive 
strain capacity exceeding 8 %. Nevertheless, as the strength properties 
continued maturing beyond 7 days, a subtle decline in strain capacities 
became evident. For instance, at 14 and 28 days, the recorded mean 
strain capacities were 4.4 % and 4.8 %, respectively. 

This change can be attributed to several factors. On the one hand, the 
matrix’s strengthening due to the ongoing hydration process results in 
reduced porosity, progressively increasing the crack tip toughness. 
Consequently, this alteration slightly curtails the crack initiation and 
propagation potential. This trend is supported by the slight decrease in 
cracking densities at 14 and 28 days compared to the numbers recorded 
at 7 days, as specified in Table 6. On the other hand, the consolidation of 
the matrix, which simultaneously affects the fiber/matrix interfaces, 
leads to a higher likelihood of rupturing of bridging PET fibers. This 
claim aligns with the experimental evidence observed in the single-fiber 
pull-out tests, resulting in a reduction in complementary energy. Similar 
observations were pointed out and discussed by Wang and Li [85], 
linking the decrease in strain capacity of SHCC to the reduction in 
complementary energy and the increase in crack tip toughness of the 
matrix due to the curing process. 

The recurring trend of SHCC diminishing strain capacities as the 
matrix’s strength-related properties develop is well-documented in the 
literature. Additional confirmation of this phenomenon is available in 
studies that explore the influence of curing conditions marked by high 
relative humidity on SHCC. It is widely recognized that such conditions 
expedite the hydration process by supplying abundant moisture to 
anhydrous materials, thereby promoting the enhancement of strength 
and the densification of the matrix. This aspect is demonstrated in the 
investigations conducted by Zhu et al. [86], Xu et al. [87], Lu et al. [84], 
and Oh et al. [88]. 

However, just as the interfacial properties showed a peculiar 
behavior after 60 days of curing, a distinctive pattern also emerged for 
the SH-LC3-PET composites after 60 days of hydration. Notably, despite 
Young’s modulus and matrix strength showing no significant deviations 
compared to the samples cured for 28 days, the strain capacity of SH- 
LC3-PET, instead of stabilizing or reducing, exhibited a remarkable in-
crease, averaging 5.8 % (with two out of four specimens even exceeding 
7 %). This is attributed to the fact that the tendency of the PET fibers to 
breakage almost diminishes, as observed in the single fiber pull-out tests, 
cf. Fig. 8 (a). Indeed, fiber pull-out becomes the dominant failure mode 
for the 60-day cured samples due to the significant reduction in chemical 

bonds compared to the 14- and 28-day cured counterparts. As a result, 
complementary energy increases, resulting in more widely distributed 
crack densities and reduced crack spacing, cf. Table 6. This phenomenon 
is also evident by observing the crack evolution at various strain levels in 
the DIC color maps at 60 days, as depicted in Fig. 10 (d), where the 
entire gauge length is saturated with multiple fine cracks. 

Since the strain capacity of SHCC is mainly a function of the number 
of cracks formed in the gauge length and their widths, the elastic 
deformation of the matrix is negligible. These parameters strongly 
depend on the fiber/matrix interface bond. The maximum crack width 
in SHCC within the localization plane is the weakest section in the 
composite [89]. Fig. 11 plots the maximum crack width (at ultimate 
strain) against the chemical and mechanical bond strengths evaluated by 
single fiber pull-out tests. It can be seen that the lowest value of 
maximum crack width was observed for 28-day cured specimens, fol-
lowed by the 14-day cured samples. The chemical and frictional bond 
strengths were the highest at these two curing ages. Therefore, the strain 
capacity of the SH-LC3-PET is compromised as more fibers break in the 
localization plane due to the strong bond compared to the 7 or 60-day 
cured samples where the predominant fiber failure mode is pull-out. 
The maximum crack width of the 60-day cured specimens remains 
smaller than that of the 7-day cured specimens. However, they both 
generally exhibit similar frictional bond strength and pull-out fiber 
failure mode. The difference is in the chemical bond strength, which is 
higher in the 60-day cured samples. This results in a superior crack 
bridging capacity that efficiently redistributes the applied load back into 
the matrix, finally forming a more saturated crack pattern that improves 
its strain capacity than the 7-day cured samples. 

Based on the experimental results of SH-LC3-PET, the crack-bridging 
stress vs. single crack opening SHCC constitutive law was considered and 
plotted in Fig. 12. The first crack stress (σfc) was set equal to the matrix 
cracking strength obtained from the results of the uniaxial tensile test. 
The peak bridging strengths (σp) were equated to the tensile strengths of 
the SH-LC3-PET. The data indicate that the pseudo-strain hardening 
(PSH) strength indices - σp/σfc ratios - at 7, 14, 28, and 60 days were 
1.43, 1.40, 1.39, and 1.43, respectively. All PSH indices are higher than 
1.2, which is typically regarded as satisfactory if strain-hardening 
behavior is to be expected [90]. 

Since the experiments were not performed on notched specimens, 
the constitutive laws were assumed for the energy criterion, cf. Fig. 12 
(b). The crack opening displacements (δ) were taken to the crack within 
the localization plane, which showed the maximum crack width 
observed under the uniaxial tension test on SH-LC3-PET. Since the pre-
dominant fiber failure mode in the 7- and 60-day cured specimens was 
pull-out, a gradually descending slope was considered in their softening 
branch as opposed to the more abrupt slope for the 14- and 28-day cured 

Table 5 
Average values of various parameters from uniaxial tension test results of SH-LC3-PET composites at different curing ages. The standard deviations are given in 
parentheses.  

Composite Age 
[days] 

Young’s modulus (E) - 
[GPa] 

First crack stress (σfc) - 
[MPa] 

Tensile strength (σult.) - 
[MPa] 

Ultimate strain (εult.) - 
[%] 

Work-to-fracture (Wf) - [kJ/ 
m3] 

SH-LC3- 
PET  

7  4.3 (1.8)  1.4 (0.1)  2.0 (0.2)  5.0 (2.1)  82.0 (31.5)  
14  7.5 (2.3)  2.0 (0.1)  2.8 (0.1)  4.4 (0.6)  103.1 (13.1)  
28  9.3 (4.6)  2.3 (0.3)  3.2 (0.6)  4.8 (1.2)  125.6 (37.0)  
60  9.7 (2.6)  2.3 (0.2)  3.3 (0.2)  5.8 (2.0)  163.2 (60.6)  

Table 6 
DIC crack analysis of SH-LC3-PET composites at various curing ages. The standard deviations are given in parentheses.  

Composite Age [days] Avg. crack width @ ε2 % [µm] Avg. crack width @ εult. [µm] Max. crack width @ εult. [µm] Crack density [/m] Avg. crack spacing [mm] 

SH-LC3- 
PET  

7  116.5 (8.8)  215.1 (59.6)  355.2 (104.8)  257.0 (35.0)  3.9 (0.6)  
14  114.7 (9.8)  192.7 (4.6)  301.8 (71.9)  247 (38.0)  4.1 (0.6)  
28  114.1 (21.3)  234.2.2 (70.5)  249.0 (56.8)  243 (42.0)  4.2 (0.7)  
60  115.0 (26.0)  213.4 (12.4)  309.2 (74.6)  297.0 (65.0)  3.5 (0.8)  
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specimens. Similarly, the slope of the branch between first crack stress 
and peak bridging stress rises steeply for the 14- and 28-day cured 
specimens due to relatively stronger chemical bonds than their coun-
terparts. From this schematic, it can be seen that the complementary 
energy for 7-day cured samples is mainly due to the poor frictional bond, 
which leads to the highest crack opening displacements, while for 14- 
and 28-day cured samples, although the crack bridging strengths have 
improved, the crack opening displacements are reduced due to the 
strong chemical bonds formed due to the limited alkaline hydrolysis of 
PET fibers. At 60 days, the chemical bonding is reduced to an extent that 
does not affect the crack bridging strength. Still, due to this reduction, 
the fiber failure mode changes from a mixed mode (rupture and pull- 
out) to a predominant pull-out mode, thereby increasing the crack 
opening displacements and thus improving the complementary energy. 
Future work will consider experiments on notched specimens to accu-
rately assess the complementary energy (hatched area) and crack tip 
toughness (shaded area); see Fig. 12 (a). 

Nonetheless, due to their remarkable ductility, the SH-LC3-PET 
composites exhibit a high work-to-fracture, which is the area under the 
stress-strain curve until the onset of softening. This energy increases 
significantly with aging. Comparing the values observed at 7 days as a 

reference, the increase in work-to-fracture at 14 and 28 days are 27 % 
and 53 %, respectively, which are primarily attributed to the strength 
development of the composite. Despite preserving the matrix properties, 
the additional 30 % increase at 60 days compared to 28 days is due to 
the higher strain capacity resulting from the fiber/matrix interface 
changes. 

An inherent limitation of SH-LC3-PET composites is their limited 
control over crack width. Due to the compliant nature of PET fibers, 
which undergo significant yielding after a small amount of elastic 
deformation, there is a significant increase in the average crack width 
compared to SHCC reinforced with PE/PVA fibers. For example, the 
average crack width at ultimate strain for SH-LC3-PET is almost twice 
that of SHCC with PE fibers [91,92] and four times that of PVA fibers 
[15,93,94]. It’s important to note that wider cracks serve as pathways 
for the ingress of harmful substances, making the high crack widths in 
SH-LC3-PET unfavorable for its durability [95]. Therefore, further 
optimization is needed to address this issue. 

4. Conclusions 

When dealing with cementitious composites reinforced with fibers 

Fig. 11. Maximum crack widths at SHCC scale plotted against chemical (a) and frictional bond strengths (b) obtained via single fiber pull-out tests.  

Fig. 12. SHCC constitutive law – crack-bridging stress vs. crack-opening displacement (a) and simulated constitutive law for SH-LC3-PET at different curing ages 
based on tensile test and fiber pull-out results (b). 
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sensitive to alkaline environments, such as PET or glass fibers, it is 
advisable to thoroughly investigate the aging effects both within and 
outside the matrix. This study conducted a comprehensive experimental 
program to investigate these aspects and gain insight into virgin PET 
fibers’ behavior. Micro- and meso-scale tests were performed, leading to 
the following conclusions:  

• The PET fibers used in this study were highly sensitive to alkaline 
environments. After direct exposure to a simulated alkaline pore 
solution with a pH of 12.5 for 60 days, their load-bearing capacity 
was reduced by approximately 25 %. Examination through ESEM 
revealed widespread pitting on the fiber surface, resulting from 
alkaline hydrolysis. 

• Intriguingly, single-fiber pull-out and uniaxial tensile tests demon-
strated consistent mechanical performance of the same PET fibers for 
a duration of up to 60 days, which was the limit of investigation in 
this study. This consistency was observed when the fibers were 
embedded within a finely tailored cementitious matrix containing 
high volumes of limestone and calcined clay (comprising 75 % by 
weight of the binder). This underscores the significant role of SCMs 
in restricting or even preventing the deterioration of PET fibers.  

• Prolonged curing of PET fibers within the SH-LC3 matrix resulted in 
certain changes at the fiber/matrix interface, including the forma-
tion of a chemical bond with the surrounding matrix, which 
increased with curing age and was therefore attributed to (restricted) 
alkaline hydrolysis of PET. After 60 days of curing, the extent of 
chemical bonding decreased, which was attributed to a slight 
reduction in the diameter of the PET, another consequence of alka-
line hydrolysis. However, these changes did not affect the frictional 
bond strength and pull-out energy. The underlying mechanisms 
responsible for these in-matrix transformations require further 
investigation. 

• Due to the unique composition of the matrix (limited clinker pro-
portion), SH-LC3-PET’s response in compression, single fiber pull- 
out, and uniaxial tensile tests showed almost all the strength and 
stiffness build-up in the early stages, between 14 and 28 days.  

• The SH-LC3-PET composites exhibited pronounced strain hardening 
behavior, with strain capacities exceeding 4 %. At the same time, the 
composites exhibited reasonable matrix and composite tensile 
strength at various ages. Notably, this remarkable strain-hardening 
behavior with as-received PET fibers in cementitious matrices ap-
pears unprecedented in the literature.  

• The average crack widths obtained in this study were relatively 
higher than those typically observed in SHCC. This difference can be 
attributed to the substantial yielding of the PET fibers bridging the 
crack flanks and the relatively low fiber/matrix interfacial bonds 
leading to pullout, as dictated by micromechanical limitations on 
strain hardening behavior when using low strength and compliant 
fibers such as PET. 

In brief, the SH-LC3-PET composite developed in this study exhibits 
remarkable strain-hardening behavior and holds promising potential for 
more sustainable SHCC due to its significantly reduced Portland cement 
content. In addition, PET fibers are inexpensive and have a high recy-
cling rate that can further improve PET-based products’ economic and 
sustainability profile. 

Future considerations and application areas 

The poor crack width control of SH-LC3-PET composites must be 
addressed for structural use under ordinary loading scenarios. Forth-
coming investigations will entail the examination of less diluted mix-
tures containing SCMs, such as LC3-50 and LC3–35, as previously 
explored by the authors [45]. It is expected that in the case of these 
relatively high-strength matrices, the strain-hardening capabilities may 
diminish due to a narrower margin between the matrix strength and 

bridging fiber indices. Nevertheless, it remains essential to explore the 
extent to which enhanced strength and crack width control can be 
achieved and at what expense in terms of strain reduction. An acceler-
ated carbonation curing process will be employed to mitigate the risk of 
alkaline hydrolysis affecting PET fibers within these matrices. This 
method can simultaneously reduce the alkalinity of the matrix and 
enhance the densification of the fiber/matrix interface [96]. If success-
ful, these advancements will significantly expand the applicability of 
PET fibers in the context of SHCC. Furthermore, the hybridization of 
these PET fibers with short steel fibers [97] and continuous carbon 
textiles [18,98–100], including the novel mineral-impregnated yarns 
[101–106] in various LC3 matrices, will also be explored in the future. 
These explorations aim to address the limitations associated with high 
crack widths and PET fibers’ relatively low bridging strength. 

With the current developments of SH-LC3-PET, strengthening exist-
ing structures (protective overlays) against dynamic loading is a prom-
ising application. In this case, the inadequate crack width control 
becomes less of an issue. In fact, this composite is expected to perform 
well at high strain rates due to the pronounced plastic deformation of the 
PET fibers and the less dense matrix, which should be more strain rate 
sensitive than a stiff or high-strength matrix [5]. 
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Degradation of recycled PET fibers in Portland cement-based materials, Cem. 
Concr. Res. 35 (2005) 1741–1746, https://doi.org/10.1016/j. 
cemconres.2004.10.040. 
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